Two-dimensional nuclear magnetic resonance spectroscopy (2D NMR) was used to obtain extensive proton resonance assignments of Im-cyt c complex which is a possible analog of a late folding intermediate of cytochrome c. Assignments were made nearly completely for the main-chain and the side-chain protons (all except Gly29). As starting points for the assignment of the Im-cyt c, a limited set of protons was initially assigned by use of 2D NMR magnetization transfer methods to correlated resonances in the Im-cyt c with assigned resonances in the native cyt c. The subsequent search focused on recognition of main-chain NOE connectivity patterns, with use of previously assigned residues to place NOE-connected segments within the amino acid sequence. The observed patterns of main-chain NOEs provided some structural information and suggested potentially significant differences between Im-cyt c and the native cyt c. Differences in NOEs involving side-chain protons were reported and analyzed. There was evidence for conformational changes induced by the breakage of Fe-S bond. It was concluded that the Im-cyt c had undergone a rearrangement of several regions forming the heme pocket of the protein. The structural understanding of these effects of the mutation may be essential to elucidate the changes in function and kinetic mechanism of cyt c folding.
Introduction
Recently, much interest has been focused on the role of the ligand in determining the structure and the binding properties of the heme protein [1] [2] [3] [4] [5] [6] [7] [8] . Cytochrome c has been one of the most studied member using nuclear magnetic resonance [9, 10] . The structure, function, and folding of cytochrome c are intimately linked with the presence of a covalently attached ferrous or ferric heme group with axial ligands * Corresponding author. Fax: + 86 25 3317761.
provided by the side chains of Hisl8 and Met80 [11] . The observation that apocytochrome c does not readily assume a stable folded structure in aqueous solution indicates that the native structure relies on stabilizing interactions of the polypeptide chain with the heme group [12, 13] . It has been shown by optical and NMR spectroscopy that the second axial ligand, Met80, dissociates more readily and can be displaced by the intrinsic or extrinsic ligands under conditions such as pH values above 9 or the addition of extrinsic ligands [14] [15] [16] . Electrochemical studies including measuring effects on reduction potential on the alka-line transition and on the binding of exogenous ligands reported with a decrease in reduction potential for these ligated cyt c [17, 18] . Met80 is essential to the structure and function of cytochrome c.
In an effort to fully understand the causes of functional changes brought about by axial substitutions, some effort focused on the nature of the axial ligation in the alkaline form and on the kinetics of the conformational conversion [17] , but many properties, especially substitution-induced changes in folded form by intrinsic ligands or in the alkaline form by small extrinsic molecules or ions capable of heme ligation remain poorly defined. Previous studies involving CN-, Py (pyridine) and N 3 ligated cyt c have been reported, but most of them are limited in the assignments of some IH and J3C resonances of heme methyl groups [18] [19] [20] , few involved the characterization of the heine cavity [21, 22] , and in no case could the data bear on the changes in polypeptide chain folding of the form of cyt c where the methionine is no longer bound to the center of the porphyrin. Characterization of the structure of this form of protein has gained in importance.
The time course of cytochrome c folding under strongly native conditions can be divided into four stages, a burst phase, a fast phase, an intermediate phase, and a slow phase [11] . The ligation of Met80 occurs during the intermediate phase. The presence of an exogenous ligand serves as a kinetic trap that leads to the accumulation of a long-lived intermediate and makes it experimentally observable. Imidazole is known to bind to oxidized cyt c, both in the native state, where it replaces Met80 as an axial heme ligand, and under denaturing conditions, where it displaces any weakly bound intrinsic ligands such as His26 and His33 [15, 23] . The addition of imidazole selectively eliminates the intermediate folding phase, and Im-cyt c complex is a possible analog of a late folding intermediate. Thus, imidazole binding is a useful approach for investigating the role of heme ligation in cyt c function and folding. In this paper, we report the sequential assignment of ~H resonances of imidazole complex of cyt c (Im-cyt c) as well as the secondary structure information to understand the changes in function and kinetic mechanism of cyt c folding. From the observed tertiary NOEs, a comparison of the three-dimensional structural information of Im-cyt c is obtained on the basis of the general folding pattern of the native cyt c, and is related to their functional changes.
Materials and methods
Horse heart cyt c (Type VI) was obtained from Sigma Chemical Co. and purified as previously described [24] . NMR samples were prepared in two different ways, (1) Nonexchanged, cytochrome c was dissolved in 90%H20/10%2H20. Under this condition, essentially all amide NH resonances are observed. (2) Exchanged, cytochrome c was dissolved in D20 and incubated at 60°C for 4 h in order to exchange all the labile protons, then lyophilized and redissolved in D20 solution. Under this condition, all labile protons such as amide protons are absent in the NMR spectra. This can simplify the fingerprint region of the NMR spectra and facilitate the identification of aromatic spin systems. The final NMR sample contained 8 mM cyt c and 1.2 M deuterated imidazole (D-Im) at pH 5.7 or pD 5.7 (uncorrected reading).
All NMR data were recorded on Bruker AMX 600 spectrometer with a X32 computer system at 313 K. Chemical shifts were calibrated with respect to dioxane at 3.743 ppm. All two-dimensional spectra were recorded in the phase-sensitive mode and were processed using the UXNMR software of the Bruker spectrometer. J-correlated spectra were obtained by either DQF-COSY [25] or TOCSY [26] experiments. TOCSY spectra using MLEV-17 spin lock sequence were acquired with various mixing times, 37, 52, 68 and 80 ms. NOESY spectra were acquired with the method of Macura et al. with a mixing time of 120 ms [27] . Suppression of water resonance in H20 was generally accomplished by continuous irradiation during the relaxation delay. All spectra were recorded in 
Assignment approach
Sequence-specific proton resonance assignments were determined largely by methods developed by Wiithrich and co-workers [28] . Our assignment approach differed somewhat from the exact procedure described by Wtithrich and co-workers. An initial set of side-chain assignments in Im-cyt c was based on available assignments in the native cyt c, making use of 2D EXSY spectra to correlated corresponding resonances in mixed samples of Im-cyt c and cyt c [21] . This approach could only yield a limited number of unambiguous assignments due to the complexity of the spectra; however, these assignments can serve as starting points in the sequential assignment process and as checkpoints along the way. Additionally, a search for spin systems was carried out by investigat- ing the J-correlated spectra. Some other simple spin systems could be identified in this way. The subsequent effort to assign the proton NMR spectrum of Im-cyt c was guided by the following strategies. One involved assigning of main-chain resonances in H20. Because the primary sequence of Im-cyt c is the same as that of cyt c, it was possible to obtain sequence-specific resonance assignments. For regions of well-defined secondary structure, expected NOEs connectivities between sequential residues were observed. For regions of distorted secondary structure, sequential assignments of the protein backbone were obtained based on a combination of oL H imNH~+ j and NHi-NHi + ~ correlations. A second strategy involved the identification of side-chain resonances by tracing characteristic patterns of through-bond scaler coupling networks. TOCSY spectra with different mixing times were used to obtain 13 and ~ assignments for individual amide protons. Long-range coherence transfers observed in ...... TOCSY spectra facilitated the assignment of sidechain resonances. For many residues this allowed assignment of the entire spin systems.
Preliminary spin system assignments
As recommended in the sequential assignment strategy, a search for side-chain spin systems in J-correlated spectra was carried out initially, but only a limited number of simple spin systems could be identified at this stage because of the complexity of the spectrum. Furthermore, the presence of the paramagnetic iron can lead to atypical chemical shifts and short T 2 values, which makes spin system identification more difficult. Some simple spin systems such as glycines, alanines, valines and threonines were recognized initially. For those more complex spin systems such as leucines, isoleucines and some aromatic residues, side-chain proton assignments were completed with the help of partially assigned methyl groups and aromatic ring protons [21] .
Glycines can often be recognized directly in J-correlated spectra due to their characteristic NH-C,H 2 coupling pattern. Eight of the 12 glycines could be recognized in this manner in the DQF-COSY spectrum of Im-cyt c (Fig. 1) . The remaining glycines did not produce two NH-C~H peaks in the DQF-COSY spectrum and TOCSY spectra. At first glance, one may conclude that the observation of these weaker or absent COSY peaks in the TOCSY spectra is the result of the efficient transfer of magnetization between o~ protons due to the large a-c{ proton coupling [29] . However, the single intense o~ proton to amide proton NOESY cross-peaks observed in these cases indicates that these glycines may have nearly equivalent c~ proton resonances. All six alanine spin systems were recognized in DQF-COSY spectrum and confirmed by relayed NH-[3H connectivities in TOCSY spectra (Fig. 2) . Three valines (Val3, 11 and 20) were unambiguously assigned due to their special coupling patterns, which were in good agreement with the previous assignments [21] . Nine of the 10 threonines could be recognized by their characteristic coupling patterns (Fig. 2) . One of those nine thre- 
A H i with the NOESY. Intense peaks in the TOCSY spectra corresponding to [3 proton to "y methyl proton cross peaks and e~ proton to ~ proton relay cross peaks could be associated with c~ proton to amide proton and [3 proton to amide proton cross peaks in the H20 NOESY spectrum. The presence of an intense "yH to amide proton cross peak in the NOESY spectrum provided additional support for these assignments. By use of the chemical exchange-based method, the methyl resonances of Leu35, 64, 68, 94, 98 and I1e57, 81, 85 of Im-cyt c had been assigned [21] . These assignments in conjunction with other 2D-spectral information (DQF-COSY and TOCSY spectra) were used to obtain complete spin system identifications. These eight residues mentioned above could be assigned by also using the J-connectivities. In this paper, we have corrected the previously incorrect assignments for Leu35, Ile75, Ile81 and Ile85. Some of these spin systems identified at this stage are shown in Fig. 3 .
The DQF-COSY cross-peaks of Trp59 of Im-cyt c exhibited the linear coupling pattern expected for the indole ring protons (Fig. 4) . The TOCSY experiments provided the second nearest-neighbor coupling information, which showed that the apparent pattern did link a linear network of protons. It was observed that the exchangeable indole NH displayed NOEs to both CzH and CvH aromatic protons. These cross peaks thereby defined C7H and the order of the indole ring protons which were verified by chemical exchange study of the mixture of cyt c and Im-cyt c [21] . In the DQF-COSY spectrum of Im-cyt c, the cross peaks for Phe36, Phe82 and Tyr74 exhibited a typical coupling pattern of a fast flipping aromatic ring (Fig.  4) . Based on (o), (m) and/or (p) proton chemical shifts obtained from chemical exchange correlations, their ring proton assignments were completed unambiguously. These ring proton assignments were important in the identification of the relative C~H and C6H 2 protons by NOE interactions observed in D20 (Fig. 5A ). No NOE cross peaks between ring (o) protons and [3H 2 protons for Phe82 were observed due to the possibility of mobility of the segment containing this residue.
In short, three valines, five leucines, three isoleucines, Trp59, Phe36 and Tyr74 had been unambiguous assigned, and spin system types of about 20 other residues had been recognized. These assigned residues can be served as starting and checking point during the main-chain assignment procedure. Residues whose spin system types had been recognized can play a confirmative role during searching for the main-chain NOE connectivities.
Main-chain assignments
Sequence-specific main-chain assignments for oxidized imidazole horse heart cytochrome c are identified in Fig. 1 , which shows the fingerprint region (NH-C~H cross-peaks) of the DQF-COSY spectrum. The main-chain assignments were based primarily on the sequential NOE connectivities between NH-C~H-C~H spin systems summarized in Fig. 6 . A complete list of the proton assignments for ferricytochrome c obtained is given in Table 1 .
The initial identification of the C-terminal segment came from the amide protons of Leu94 and Leu98 residues at 7.98 and 8.59 ppm, respectively. By following the NH-NH connectivities in the NOESY spectrum, the Asp93-Leu94-Ile95 and the Tyr97-Leu98 neighbor relationships were established and confirmed by the extension of the NOE connectivities to two alanine (Ala96, Alal01) spin systems. The NOE patterns for the C-terminal helix are displayed in Fig. 7 . Similarly, assignments for the N-terminal helix segment were initialled by Val-3 and Val-ll which had been previously assigned by spin system recognition.
Leu-64 had been unambiguously identified by searching spin system in J-correlated spectra. The NOE connectivities between it and a threonine allowed the assignment of Thr63. Glu61 and Glu62 were assigned by tracing the main-chain NOE connectivities from Thr63 backward. Unambiguous NOE connectivities could be established from Leu64 to Asn70, which led to the main-chain assignment of these residues. These main-chain assignments were confirmed by the following spin system assignments. The main-chain NOE connectivities for the segment from Lys60 to Asn70 are shown in Fig. 8 .
As can be seen from Fig. 6 , most of the NHi-NHi+ NOE connectivities were detected simultaneously with those of type oLHi-NHi+ l. However, the exceptions resulting from several trivial reasons in amideamide connectivities were observed. Amide-amide Fig. 6 . The remaining Leu32 was identified by sequential connectivities to Asn31 by d~ N and d~N.
The recognition of Pro76 and Gly77 by the NOE connectivities between a glycine and a proline allowed the assignment of the segment Pro76-Met80. These assignment are confirmed by the appearance of a lysine at the expected position (Lys79). There are six alanines in cytochrome c, the last unassigned alanine must be Ala83, the observation of d,H_NH (i-l, i) at Ala83 led to the assignment of Phe82. The remain unassigned glycine were assigned to Gly84.
Late-stage side-chain assignments
Given the known sequential position of each NAB set, it was possible to identify additional side-chain resonances. Groups of resonances belonging to a given side chain were identified in TOCSY spectra with various mixed times. Most long side chain residues (i.e., Lys, Arg, Glu, Gln and Met) exhibited amide relay ladders in the TOCSY spectra with some protons beyond the [3 protons. These spin systems were mapped out by following single magnetization relay steps in the TOCSY spectra along the side chain (i.e., amide proton to [3 proton relays were used to identify the main-chain proton resonances and then (x to -/, g and e proton relays were used to extend these assignments and so on). Under our experimental conditions all lysines (exampled by Lys8 shown in Fig. 3 ) exhibited long-range J-connectivities in the 80 ms TOCSY spectra from the c~H to the ell, this facilitated the identification of their side-chain protons. Most leucines showed J-connectivities from the NH to the [3H and from the o~H to the gH 3 and g'H 3, most isoleucines showed long range J-connectivities from the NH to the C~H 3 and from the (xH to the gH 3. In some cases remaining ambiguities were resolved by consideration of intraresidue NOEs. For example, since the C,~H of Leu32 and Lys72 were close to the solvent signal, it was difficult to identify all protons in the TOCSY experiments. The effect of the solvent peak was slight in the NOESY and it became easy to assign the side-chain protons of this two residues.
All aromatic side chains except Tyr97 and Hisl8 could be assigned on the basis of NOESY cross-peaks observed in D20 between aromatic ring protons and [3 and eL protons (Fig. 5A) . The main-chain resonances of the axial histidine were initially assigned on the basis of NOESY connectivities to sequential neighbors and were supported by previous 2D EXSY spectrum [21] . His26 and His33 exhibited a COSY fingerprint peak. Their spin systems were proved in the H20 TOCSY spectra by NH-[3H cross peaks and NOESY spectrum by ring C4H-[3H cross peaks.
In the TOCSY spectra, both Pro44, 71 and 76 displayed relay cross peaks from gH to (xH, [3H and ",/H. Most NOEs from g, g'H to the (xH and NH's of the proceeding residues were observed. This not only serves to confirm the assignments but also indicates that the two proline residues are in the trans conformation [30] . Pro30 was tentatively assigned based on the NOE of its C~H and C~H to His26 C~H, but CvH and Call remain unassigned.
Identification of secondary structure
Although short amide-amide distances are necessary for identification of helical structure, they are not sufficient. A better indicator of (x-helical structure is the observation of backbone d,~ N (i, i+ 3) NOEs [28] . As can be seen in Fig. 6 , three long .'.
F1013,'
L94o"H~ 1 Tyr97-Lys100 (their C,~H are nearly degenerate), consecutive d+++ (i, i+ 3) and seven d,~ n (i, i + 4) NOEs are observed, supporting the C-terminal helix spanning from residues 88 to 102. From Lys60 to Leu68, Four d~N (i, i + 4), six d~N (i, i + 3), six d+~ (i, i + 3) NOEs with no d+N (i, i + 2) connectivities are observed. We conclude that this segment forms a regular c~-helix (60s helix). The NOE pattern found for the stretch from residue Asn70 to Tyr74 (d~N (i, i+ 4) and d~n (i, i+ 3) NOEs) provide evidence for the additional short (xhelical segment (70s helix). For residues from Ala51 to Asn54, the three residue distance between Ala51 and Asn54 (d+y (i, i + 3) NOE) and three (i, i + 2) NOEs (one d~n (i, i+ 2) and two d~p (i, i+ 2)) indicate a short helical structure which was seriously distorted (50s helix). Examination of the NOEs typical for Type II turns [28] would suggest a loop composed of daN (i, i + 1) and dan (i, i + 2) NOEs. Based on the NMR data, residues between 21 and 24 are well defined as Type II turn. Additionally, The three residue distances from Alal5 to Hisl8, from Leu32 to Leu35 and from Leu35 to Arg38 support a secondary structure which could be seen as a short pseudohelical fragment or as a [3 turn. No (i, i + 2) NOE is observed at residues 67-70, 75-78 suggest the [3 turn which exist in cytochrome c at these positions are absent.
Tertiary NOEs
Further interpretation of long-range NOESY data provided the basis for describing the three-dimensional structure. For example, the proximity of the N-terminal and C-terminal helices is indicated by NOEs from Gly6 NH to Asp93 and Tyr97 (Fig. 9) . The proximity of C-terminal helix and 60s helix is indicated from analysis of NOE data, for example Ile95 side chain protons and Leu64, 68 and Met65 side-chain protons (i.e., Ile95 8H 3-Leu64 8H 3, 8'H 3, Met65 [3H, -/H, Leu68 yH, 8H 3) (Fig. 10) ; the Phe36 ring displays multiple NOEs to main-chain protons of residues 61, 64, 95, 98 and 99 (Fig. 5B) , consistent with its location between the 60s helix and the C-terminal helix. Some NOEs between Trp59 ring protons and Leu35, Arg38, Thr40, Thr63, Leu64 and Tyr67 are observed with some differences (Fig.  5B) . A few NOEs between Tyr67 and Tyr74 are still present. Upon careful analysis of NOE data and comparison with the situation within the native cyt c, a few differences in NOEs between Im-cyt c and cyt c are observed. Differences in NOEs between the two proteins are indicative of the conformational changes, which will be described in detail below.
Discussion

Comparison of secondary, structures with that of Cyt c
We have obtained an almost complete set of assignments and some secondary structural information of imidazole cytochrome c. As a matter of fact, three o~-helices are highly conserved, specifically, the 3-14 N-terminal helix, the 60-68 60s helix and the 88-102 C-terminal helix (Fig. 6) . Close contact between each of the first two helices and the C-terminal helix are supported by long-range NOE data reported above. Similar long-range NOE have been described in a NMR study of horse ferricytochrome c [31] . The N-terminal helix is possible stabilized by the proximity of Cysl4 and Cysl7, which are linked by thioether bonds to the heme moiety in the native cyt c. The heme moiety would constrain the conformation of the peptide and act as a helix initiator (in the native cyt c, the helix ends at residue 15) [32] . The interaction of side chains helps lock the N-and C-terminal helices together [33] .
However, for the N-terminal helix in native cyt c, only five ~-amide (i, i + 3), four o~-[3 (i, i + 3) and one oL-amide (i, i + 4) connectivities are observed by Feng et al. We conclude that this helix in lm-cyt c is more regular than that in native cyt c. Fewer sequential NOEs are observed over the C-terminal helix of native cyt c than over that of Im-cyt c. Comparing the sequential NOE patterns of N-and C-helices of Im-cyt c, more day (i, i+ 2) connectivities are observed in the C-terminal helix than in the N-terminal helix, which suggests that the N-terminus forms a more regular oL-helix than the C-terminal does. This is different from the situation of cyt c, where the C-terminal helix is the most regular o~-helical in nature as suggested by NMR and crystal structure [31, 34] . This may be related with the movement within the C-terminal helix. Within the 60 s helix, three day (i, i+ 2) NOEs (from Glu61 to Thr63, Glu62 to Leu64, Thr63 to Met65) observed in cyt c were absent here, which indicates that this helix in Im-cyt c is more regular than that in cyt c. The 50 s helix spanning from 51 to 54 as compared with that in cyt c from 50 to 55 was distorted by the observation of da6 (i, i + 2) and de, N (i, i + 2) NOEs, which indicates that this area around the heme propionate is relatively mobile.
A [3-turn in type III (or 310 helix) in cyt c spanning from 67 to 70 which is characterized by d,~ N (i, i + 3) (Tyr67-Asn70) and dan (i, i + 2) (Leu68-Asn70) is not observed in Im-cyt c [35] . The absence of this [3-turn may relate to the rearrangement of the residues in 60 s helix such as Leu64 and Leu68 which are sensitive to the environment of the heme cavity. Detailed discussion will be described below. in the rate of the fast phase and a major increase in the burst phase amplitude. They conclude that the Nand C-terminal helices of cyt c form and associate during the fast folding phase on the 10-ms time scale. The presence of non-native ligand is likely to prevent the formation of a correctly folded structure in other parts of the molecular, including the loop region spanning residues 20-60, as the 60 s and 70 s helices that are in close contact with MetS0 in the native structure. Our NMR studies give detailed information of the secondary structure of Im-cyt c. The presence of imidazole has a slight influence on the folding of the N-and C-terminal helices, while two [3 turns at 67-70 and 75-78 are prevented from forming, which is in agreement with the results of Eli3ve. However, although some changes happened to the 60 s and 70 s helices, these two helices still remain as helices. That indicates that 60 s and 70 s helices may partly form during the intermediate folding phase.
Conformation comparison between lm-cyt c and c3,t c
For paramagnetic metalloproteins, the NOE intensity between two protons not only is a function of the distance between them, but also is affected by their intrinsic spin-lattice relaxation time T~ [37] ; the smaller the TI value is, the weaker the NOE intensity. The proton TI value of some residues which form the heine cavity and are influenced strongly by the paramagnetic center have been measured by use of the inversion recovery method, as listed in Table 2 . The shortest TI (94 ms) is that of Leu68 ~'H3; Tts of the other residue protons are longer than that of Leu68 ~'H 3. A weak NOE between Leu68 NH and Leu68
Thr78 in native cyt c is not observed in Im-cyt c [35] . The disappearance of this [3 turn will increase the flexibility of the segment of Ile75-Gly84, which make it easy to accommodate the imidazole. The schematic representation comparison of the second structure of cyt c and Im-cyt c is showed in Fig. 11 .
El~Sve et al. found that the presence of 200 mM imidazole prior to and during refolding has a dramatic effect on the folding kinetics phase of cytochrome c at neutral pH [11] . In particular the intermediate phase is completely eliminated by the addition of imidazole. It also causes a 5-fold increase g'H 3 (4.6A) was observed in the NOESY spectra. The result therefore shows that interresidue NOEs within 5,~ can be detected for the pocket residue protons under our experimental conditions, and it is reliable to discuss conformation changes between cyt c and Im-cyt c based on the difference of NOE intensities.
To investigate further the structural changes of cyt c induced by imidazole binding, long-range NOEs from residues within 5.0 A were examined. Comparing with the NOE connectivities in the native cyt c, features observed in the NOESY spectrum of Im-cyt c fall into three regions.
Region one consists of those residues including Nand C-terminal helical residues from Val3 to Cysl4 and from Lys88 to Thrl02. The C-terminal helix is locked into the N-terminal helix which is firmly attached to the heme via two thioether links, which is indicated by NOE connectivities between Gly6 NH and Tyr97 13H, Gly6 oLH and Tyr97 NH, and between Gly6 oLH and Tyr97 [3H (Fig. 9) . This is similar to the situation in native cyt c as shown by NMR and X-ray crystal structure studies [35, 38, 39] . Since this region is considerably far from the binding site, the effects of substitution are small on it. However, further analysis of the long-range NOE data indicates that some conformational changes occur in this region. Some expected NOEs including Gly6 NH-Asp 93 oLH (4.14 A), Gly6 e~H-Ala96 [3H (4. (Fig. 9 ). This shows that the substitution of Im resulted in a decrease of the distance between Phel0 and Leu94. This movement can be interpreted in terms of structural changes in the heine crevice where these two residues are buried. Region two consists of those residues which are located in the bottom of the molecule such as Leu35, Trp59, Tyr67, Tyr74 and so on. For Trp59 which occurs close to the heine cavity on the propionic acid side, some NOE changes were observed. Tyr67 is considered as an important residue because the aromatic ring OH shows a weak hydrogenbond with Met80 S atom in oxidized native cyt c. Although Tyr67 (o)H still maintains the NOE connectivity with Leu64 g'H 3 (2.9 ~,), the NOE between Tyr67 (o)H and Leu64 gH 3 (6.3 ~,) which is absent in cyt c is observed in Im-cyt c (Fig. 5B) , and the NOE between Tyr67 (o)H and Leu68 oLH (3.3 ,~) is absent. These findings indicate that the movement of Met80 has resulted in a rearrangement of Tyr67 relative to Leu64 and Leu68. As a result of imidazole displacing Met80, the [3-turn (or 3m-helix) present in native cyt c from Tyr67 to Ash70 is absent in Im-cyt c, showing that a rearrangement of this segment occurs. Other NOEs concerning Leu64 and Leu68 such as from Leu64 gH 3 to Leu68 g'H 3 (5.7 ,~, not listed), and from Leu64 "yH to Leu68 gH 3 (5.8 A) are observed (Fig. 10) . These NOEs are consistent with the previously obtained results [21] . These changes in NOEs involving these heme-contact residues can be interpreted in terms of changes of the heine pocket structure. These buried residues have inw)ked major structural reorganization in the heme hydrophobic core. These results demonstrate that some of the heme propionate contact region in the heme cavity are sensitive to events occurring at Met80. In order to accommodate the exogenous imidazole, the ring of these three aromatic residues, especially the ring of Tyr74 has been rearranged.
Region three consists of those residues on the Met80 side of the heine. Noted in Fig. 5B , Phe82 (m) and (p) protons maintain NOE connectivities to Ile85 ~H 3 and thioether-2 (Te2) (Fig. 5B) ; a similar set of NOE connectivities was observed in native cyt c, which shows that Phe82 in Im-cyt c is in a similar position to that of Phe82 in cyt c. The conclusion about Phe82 was previously obscured due to the lack of the full assignment of Im-cyt c, therefore NOEs occurring about this residue were not interpreted unambiguously [21] . A weak NOE between Phe82 (o)H and Leu68 ~H 3 (7.3 ,~, not listed) is observed which is expected to be absent in native cyt c. This indicates that the side chain of Leu68 approachs Phe82. This is confirmed by the weak NOE between Phe82 (m) and Leu68 o~ H (4.8 A). Likewise, examination of the NOESY spectrum concerning Phe82 reveals weak NOEs between Phe82 (p)H and Lysl3 [3H (2.6 A), Lysl3 ~H (2.4 A), between Phe82 (m)H and Lysl3 ~H (3.2 ,~). These NOE data suggest that Phe82 still lies in the immediate vicinity of Lysl 3.
In order to accommodate imidazole, Met80 moved away from the paramagnetic iron. As a result, the [3 turn spanning from Ile75 to Thr78 disappeared. This increased the flexibility of the segment of Ile75-Gly84. This segment became more mobile after Met-80 did not ligand to the heme any more, and few inter-and intraresidue NOE connectivities were observed for this peptide chain.
Inspection of Fig. 10 for NOEs to the protons of Ile85 is informative, new NOEs from Ile85 ~/H 3 to Leu94 ~H 3 (middle intensity) (7.0 A) (Fig. 10) and from Ile85 ~H 3 to Leu94 [3H (weak intensity) (4.9 A) were observed, which agreed with the previous results obtained at 319 K and pH 7.0 [21] . The originally observed NOEs between Ile85 ~H 3 and Leu94 ~'H 3 (3.8 A), and between Ile85 ~H 3 and Te-2 (3.4 A) in the native cyt c were strengthened in Im-cyt c. Therefore, it was concluded that Ile85 had moved relatively to Leu94 and Te2 after imidazole substitution. The proximity of Leu94 to Te2 was confirmed by the observation of the weak NOE between Leu94 ~H 3 and Te2 (4.9 ,~) and strong NOE between Leu94 ~'H 3 and Te2 (3.3 ,~). With regard to Met80 residue, a NOESY cross peak from Leu68 ~/H to MetS0 ~CH 3 (5.8 A) was observed (Fig. 10) , indicating that the distance of Leu68 ~H to Met80 ~CH~ has changed from 5.8 ,~ in cyt c to a distance of less than 5.0 A. Met80 ~CH 3 has moved away network as we observed above. All these changes in Im-cyt c suggest that the Fe-S bond is an important factor in preserving the conformation which is related to its biological function.
Correlation of structural alterations with functional changes
It is important to keep in mind that the major difference between the ]m-cyt c and cyt c lies in their respective redox potentials ( -178 mV for Im-cyt c versus 260 mV for cyt c) [18] . Based on our results, the functional importance of the axial Met80 ligand can be concluded. In general, the variation in the redox potentials of cytochrome c can be accounted for by differences in two effects [41] ; (a) the nature of the axial ligation to the iron; (b) the effects of the surrounding protein environment. The substitution of axial methionine by imidazole has been indicated to decrease the redox potential of cytochrome c by 160 mV [42] . Since the imidazole ligated cyt c has a potential of 438 mV lower than the native cyt c, it appears that environmental factors may be most important. It has been proposed that the high reduction potential of cyt c is caused by exclusion of water from the heme environment by the surrounding hydrophobic and bulky amino acids. In Im-cyt c, apparent changes have happened to the heme hydrophobic pocket including heme-contact residues within 60 s helix, the region around MetS0 and the lower left side of the molecule which is near the propionate of the heine. These changes may be accounted for by changes in the secondary structures for example, the absence of 3~0 helix from Tyr67 to Asn70, the type II turn form from Ile75 to Thr78 and distorted 50s helix from 51 to 54. They can be thought to be a combination of the greater solvent exposure of the heine and the internal H~O molecule towards the iron that act to stabilize the ferric heine. The moving of Met80 eCH 3 away from iron to the region of Leu68 3'H may facilitate the solvent exposure of the heine. Another possible mechanism that has been proposed involves reorganization of the hydrogen-bond network around Met80 [10] . The movement of Met80 causes the Tyr67 and the buried H20 molecule to move, leading to movement of other groups such as those residues in 50 s helix which are hydrogenbonded to heine propionates in the hydrogen-bond
